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Here we show that the interplay between exercise training and dietary fat regulates myelinogenesis in the adult
central nervous system. Mice consuming high fat with coordinate voluntary running wheel exercise for 7 weeks
showed increases in the abundance of the major myelin membrane proteins, proteolipid (PLP) and myelin basic
protein (MBP), in the lumbosacral spinal cord. Expression ofMBP and PLP RNA, aswell that forMyrf1, a transcrip-
tion factor driving oligodendrocyte differentiation were also differentially increased under each condition. Fur-
thermore, expression of IGF-1 and its receptor IGF-1R, known to promote myelinogenesis, were also increased
in the spinal cord in response to high dietary fat or exercise training. Parallel increases in AKT signaling, a pro-
myelination signaling intermediate activated by IGF-1, were also observed in the spinal cord of mice consuming
high fat alone or in combinationwith exercise. Despite the pro-myelinogenic effects of high dietary fat in the con-
text of exercise, high fat consumption in the setting of a sedentary lifestyle reduced OPCs and mature oligoden-
droglia. Whereas 7 weeks of exercise training alone did not alter OPC or oligodendrocyte numbers, it did reverse
reductions seen with high fat. Evidence is presented suggesting that the interplay between exercise and high di-
etary fat increase SIRT1, PGC-1α and antioxidant enzymes which may permit oligodendroglia to take advantage
of diet and exercise-related increases in mitochondrial activity to yield increases in myelination despite higher
levels of reactive oxygen species.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Myelin loss is a key pathophysiological component of neurological
injury and disease, includingmultiple sclerosis, traumatic brain and spi-
nal cord injury, stroke and certain neuropsychiatric disorders [2,3,21,
38]. The loss of myelin is also a recognized part of normal aging and a
risk factor in obesity contributing to cognitive and sensorimotor decline
[45]. The physiological significance of oligodendrocytes relates not only
to the ability of the myelin sheath to electrically insulate axons thereby
increasing the capacity for information processing, but also to their abil-
ity to support axonmetabolism [22,32]. Thus the health of the oligoden-
drocyte is paramount to the metabolic function of axons [41].
Identifying factors that impact the function of oligodendrocytes, their
progenitors and myelin homeostasis therefore holds important
Program, Physical Medicine &
r, 642B Guggenheim Building,
5905, USA.
isbrick).
potential for the development of new approaches to promote CNS
health and to optimize nervous system function.

Diet is an intrinsic aspect of everyday life and is emerging as a major
regulator of brain function and plasticity. In particular, the increasing
consumption of saturated fats and sugars is considered detrimental for
CNS function [54]; however, based on the high content of lipids in
brain, how to manage consumption of dietary fats for optimal CNS
health is controversial. Myelin membranes have a very high lipid-to-
protein ratio, in which lipids account for at least 70% of the dry weight.
Myelin assembly therefore requires an extraordinary amount of lipids,
especially lipids such as cholesterol, galactolipids, plasmalogen and
fatty acids that are enriched in myelin. Indeed, the myelin membrane
contains at least 26% cholesterol by weight [60], with cholesterol avail-
ability rate limiting for myelin formation [68]. Myelin is particularly
enriched in saturated very long chain fatty acids [14], and this high de-
gree of saturation provides a thick permeability barrier for ions and con-
tributes to axon electrical insulation. New studies suggest the role of
lipids in myelinating glial cells goes far beyond structural consider-
ations, to include actions in glial development and function,myelin pro-
tein trafficking, myelin compaction, and axon metabolic support [4,31,
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56]. Alterations in myelin membrane lipids impact protein packing and
consequently can result in disturbances in insulation, myelin compac-
tion, lipid raft signaling and normal interactions between the oligoden-
drocyte and axon essential for metabolic and trophic support [84].

Exercise training promotes beneficial effects on nervous system
function developmentally and in adulthood. Increasing evidence indi-
cates that exercise can modulate the action of diet on the CNS since
there is a strong metabolic coupling between diet and exercise [27].
Given the metabolic partnership between axons and oligodendrocytes,
myelin plasticity may play a central role in meeting the increased ener-
gy requirements of highly active axons, and in turn modulate neuronal
function. For example, new myelin formation in the brain was recently
shown to be required for mice to learn to run on a complex wheel [51].
Also, piano playing [5], abacus training [33] and juggling [70] all result in
structural enhancements inwhitematter tractswithin thehumanbrain.
Even more subtle environmental changes can impact myelin with rats
raised with increased social and cognitive stimulation showing in-
creased myelination of the corpus callosum [40] and oligodendroglia
in the occipital cortex [75,77].

The current study was undertaken to determine the interaction be-
tween high fat consumption and exercise training onmyelin andmyelin
forming cells in the adult spinal cord. The potential for oligodendroglial
metabolic support of axons is a particularly important consideration for
the long axon tracts of the spinal cord [56]. Results suggest that con-
sumption of high levels of saturated fat in conjunction with a sedentary
lifestyle can lead to a loss of myelin forming cells, but that exercise
training has the capacity to reverse these adverse effects and promote
increased levels of myelinogenesis likely necessary to meet the in-
creased energy demands of exercise.

2. Materials and methods

2.1. Dietary and exercise interventions

To investigate the impact of high dietary fat or exercise training
alone or in combination on myelin in the adult spinal cord, 9 week old
male C57BL6J mice (Charles River Laboratories International, Inc., Wil-
mington, MA) were randomized in individual cages across 4 experi-
mental conditions. Experimental groups included those with a
sedentary lifestyle and free access to either a regular diet (SRD) or a
high fat diet (SHF). Two additional groups were also created in which
mice were placed on either diet, but also provided free access to an ex-
ercise running wheel (ERD, EHF). The high fat diet (D12079B) was ob-
tained from Research Diets, (New Brunswick, NJ) and the regular diet
(5001) from LabDiet (St. Louis, MO). Mice were housed under environ-
mentally controlled conditions (22–24 °C) with a 12 h light/dark cycle.
The high fat diet contained 21% fat with 62% of that from saturated fats
(D12079B). For comparison, the regular diet (5001) contained 4.5%
total fat with 35% from saturated fat. In each case the source of saturated
fat was frommilk and corn oil fat. The high fat diet contained 2.1% cho-
lesterol and the regular diet contained 0.021%. The high fat diet
contained 34% sucrose and the regular diet 3.8% sucrose. The high fat
and regular diets contained 4.7 kCal/g (41% from fat) and 4.07 kCal/g
(13% from fat) respectively.

Standard polyethylene cages were used for housing and equipped
with running wheels (Mini MItter, Bend, Oregon) permitting the mice
to run ad libitum. Animal weights and the weight of foot consumed
were measured at baseline and weekly for 7 weeks. Running revolu-
tions were recorded using VitalViewer software (Mini Mitter) (n = 10
per group). At the end of the 7 week intervention, mice were given a
overdose of sodium pentobarbital and perfused with 4% paraformalde-
hyde with the spinal cord retrieved for histopathology (n = 6 per
group). Alternatively, the lumbosacral spinal cord was retrieved
unfixed, sectioned sagittally and snap frozen for either protein or RNA
isolation (n= 10mice per group). All animal experiments were carried
out with adherence to NIH Guidelines for animal care and safety and
were approved by the Mayo Clinic and the University of California, Los
Angeles Institutional Animal Care and Use Committees.

2.2. Quantification of myelin related proteins

To determine the impact of the dietary and exercise interventions on
myelin and the potential mechanism of action, myelin and signaling
proteins were quantified by Western blot. One half of the lumbosacral
spinal cord harvested unfixed from each mouse was homogenized in
radio-immunoprecipitation assay buffer and 35 μg of protein resolved
on sodium dodecyl sulfate-polyacrylamide gels (Bio-Rad Laboratories,
Hercules, CA). In all cases, electroblotted membranes across groups
were processed in unison. Membranes in each case were sequentially
probed for antigens of interest, including myelin proteins proteolipid
protein (PLP, Ab28486, Abcam, Cambridge, MA), myelin basic protein
(MBP, MAB386, Chemicon, Billerica, MA), or the phosphorylated or
total protein forms of select signaling proteins, protein kinase B (AKT,
4058 L, 9272S, Cell signaling, Boston, MA), or extracellular signal-
regulated kinase 1/2 (ERK1/2, 9101S, 9102S, Cell signaling). By careful
cutting of membrane strips containing proteins of known molecular
weight, we were able to determine each of these proteins across exper-
imental conditions on the same electroblottedmembrane. An additional
Western blotted membrane per treatment condition was created to de-
termine any impact of the interventions examined on the energy sens-
ing molecules, silent mating type information regulation 2 homolog
(SIRT1, Ab121193, Abcam), or peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC-1α, Ab54481, Abcam). Mitochon-
drial abundance was estimated on the same blots using an anti-
mitochondria specific antibody (MTC02, Ab3298, Abcam). Evidence of
lipid peroxidation was assessed on additional blotted membranes
using 4-HNE (Ab46545, Abcam). In all cases, each unique membrane
was also re-probed for β-actin (NB600-501, Novus Biological, Littleton,
CO, USA) to further control for loading.Western blotting of proteins iso-
lated from the spinal cord of mice in each of the animal groupswas per-
formed in parallel and exposed to film in parallel. Films were scanned
and the ROD of bands in each case determined using Image Lab 2.0 soft-
ware (Bio-Rad Laboratories). The relative optical density (ROD) of each
protein of interest was normalized to the ROD of Actin, or in the case of
pAKT or pERK1/2, to total AKT or ERK1/2, respectively. The mean and
standard error (s.e.) of ROD readings across at least 3 independent
Westerns for each antigen of interest was used for statistical compari-
sons [89].

2.3. Quantification of myelin related gene expression

Quantitative real time PCRwas used to evaluate the impact of the di-
etary and exercise interventions on the expression of myelin-related
genes (PLP,MBP, 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNPase)
andmyelin regulatory factor (Myrf), insulin like growth factor 1 (IGF-1)
or insulin like growth factor 1 receptor (IGF-1R), or the antioxidant en-
zymes glutathione peroxidase (GPx1) and superoxide dismutase 2
(SOD2). RNAwas isolated from that half of the unfixed lumbosacral spi-
nal cord not used for protein extraction using RNA STAT-60 (Tel-Test,
Friendswood, TX). The relative amount of RNA in each case was deter-
mined in 0.10 μg of RNA using an iCycler iQ5 system (BioRad) and the
probes (Thermo Fisher Scientific,Waltham,MA) and primers (Integrat-
edDNATechnologies, Coralville, IA) described in Table 1 [9]. The relative
amount of RNA in each case was normalized to the constitutively
expressed gene Rn18S. Mean expression levels under each condition
were expressed as a percent of that seen in the spinal cord of mice
under SRD conditions.

2.4. Quantification of oligodendrocyte and OPC number

To evaluate whether the dietary and exercise interventions affected
myelinating cellswithin the spinal cord,we used immunohistochemical



Table 1
Probes and primers used for quantitative real-time PCR. Probe sets were obtained from
Thermo Fisher Scientific (Assay ID provided) and primers (Forward/Reverse) from Inte-
grated DNA Technologies. (2′,3′-Cyclic-nucleotide 3′-phosphodiesterase (CNPase); gluta-
thione peroxidase (Gpx1); insulin like growth factor 1 (IGF-1); insulin like growth factor
1-receptor (IGF-1R); myelin basic protein (MBP); myelin regulatory factor (Myrf);
proteolipid protein (PLP)); 18S ribosomal RNA Rn18S; superoxide dismutase 2 (SOD2).

Gene Accession
number

Probe and primer sets

CNPase NM_001146318 CAAATTCTGTGACTACGGG
GGCCTTGCCATACGA

Gpx1 NM_008160.6 Mm04230607_s1
IGF-1 NM_010512.4 Mm00439560_m1
IGF-1R NM_010513 Mm00802831_m1
MBP NM_001025251 CCAGTAGTCCATTTCTTCAAGAACAT/GCCGATTTATAG

TCGGAAGCTC
Myrf NM_001033481.1 Mm01194959_m1
PLP NM_011123.2 TCTTTGGCGACTACAAGACCAC/CACAAACTTGTCGGGA

TGTCCTA
Rn18S NR_003278.3 Mm03928990_g1
SOD2 NM_013671.3 Mm01313000_m1
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techniques to identify and enumerateOPCs ormature oligodendrocytes.
The 4% paraformaldehyde fixed lumbosacral spinal cord retrieved from
mice in each condition was blocked into four 1 mm segments with the
first and third segments embedded together in paraffin, and the second
and fourth segments cryoprotected in sucrose, embedded together in
OCT and frozen for cryosectioning. 5 μm paraffin sections were immu-
nostained for oligodendrocyte lineage transcription factor 2 (Olig2)
(AB9610, Millipore), or CC-1/APC 1 (adenomatous polyposis coli,
Ab16794, Abcam). Olig2 is a basic helix–loop-helix transcription factor
expressed by OPCs and oligodendroglia at the early stages of differenti-
ation, whereas CC-1 is associated only with differentiated oligodendro-
cytes [22,44,48]. 5 μm frozen sections were immunostained for Nkx2.2
(74.5 A5, Developmental Studies Hybridoma Bank, University of Iowa,
Iowa city, IA), or for anti-neural glial antigen-2 (NG2, AB5320,
Millipore). Nkx2.2 is a homeodomain transcription factor expressed
by OPCs that regulates differentiation [10,63,91]. NG2 is a chondroitin
sulfate proteoglycan that recognizes OPCs in the intact nervous system
[59]. Immune localization of each antigenwas visualized using standard
immunoperoxidase techniques [88]. Sections immunostained for CC-1
or NG2 were additionally counterstained with methyl green
(Vector, Burlingame, CA) to visualize nuclei. In all cases, immunohisto-
chemistry across experimental groups was carried out in parallel.
Immunoperoxidase stained sections were cover slipped and the dorsal
column and ventrolateral white matter of each section imaged digitally
with a 10X objective (Olympus BX51microscope, Olympus, Center Val-
ley, PA). Counts were made from the digital images of immunopositive
cells with a clearly visible nucleus by two independent investigators
(HY, AK) without knowledge of the treatment groups. Cell counts
made in the dorsal column and ventrolateral white matter were com-
bined for the final analysis. All counts were expressed per unit
area with area measurements in each case made using NIH IMAGE J
(Bethesda, MD).

2.5. Statistical comparisons

All data were expressed as mean ± s.e. Comparisons between mul-
tiple groupsweremade using a One-WayAnalysis of Variance (ANOVA)
and the Newman Keuls (NK) post-hoc test. In the histograms shown, a
line is used to show the comparisons being made which begins with
the group towhich the other groups are being compared and any signif-
icance shown using asterisk(s). When data for multiple comparisons
was not normally distributed, the Kruskal-Wallis ANOVA on Ranks
was applied with Dunn's method. Pearson correlation analysis was per-
formed to determine potential associations between the changes in pro-
tein expression observed in individual samples. Statistical significance
was set at P b 0.05.
3. Results

3.1. Weight, food intake and running distance

At the conclusion of the 7 week period of dietary and exercise inter-
vention the sedentary regular diet (SRD) mice gained 12.7% ± 1.5% of
their initial body weight and the exercise regular diet (ERD) mice
gained 15.3% ± 3.0% (Fig. 1). As expected, mice provided a sedentary
lifestyle and free access to a high fat diet (SHF) gained a significantly
higher percentage of their initial bodyweight (50.1%± 6.5%) compared
to mice provided regular chow. Mice provided access to a high fat diet
and free wheel running (EHF) also showed significant gains over their
initial body weight (34.7% ± 4.4%) relative to the SRD and ERD mice,
but this gain was significantly less than that seen in mice provided a
high fat diet and sedentary lifestyle (SHF) (P b 0.001). Relative to mice
in the SRD group inwhichmean food intake (g/day) over the 7weekpe-
riod of study was 5.2 ± 0.2 (SRD); food intake was lower in ERD (4.7 ±
0.1, P= 0.03), SHF (2.5 ± 0.1, P b 0.001), and EHF (2.0 ± 0.2, P b 0.001)
mice. The mean running distance was 4.4 ± 0.6 km/day for the ERD
mice and significantly higher at 6.7 ± 0.5 km/day for the EHF mice
(P b 0.05, NK). Despite significant differences in food intake and running
distance, kCal/day consumed was nearly identical across the groups
(SRD, 71.3 ± 0.8; ERD, 71.9 ± 0.4; SHF, 71.3 ± 0.4; EHF, 72.9 ± 0.9,
n= 10 per group). This finding is consistent with evidence that food in-
take is strictly controlled by neuronal circuits to achieve cellular energy
homeostasis [71].

3.2. High dietary fat in combination with exercise training positively mod-
ulate myelin protein expression

To determine the impact of high dietary fat consumption and exer-
cise training alone or in combination on myelin abundance in the
adult lumbosacral spinal cord, the level of the major myelin proteins,
PLP andMBP were quantified byWestern blot (Fig. 2). PLP has two dis-
tinct developmentally regulated isoforms, PLP1 (30 kDa) and DM20
(26 kDa) [57], and thesewere quantified separately. MBP has 4 isoforms
(21.5, 20.2, 18.5, and 17.2 kDa)which are generally quantified in collec-
tively [53]. The combination of high fat consumption and exercise train-
ing increased the amount of PLP1 andDM20 protein by 3.4-fold and 2.6-
fold respectively, relative to that in the SRD condition (P ≤ 0.004, NK).
Exercise training or high fat consumption alone also increased PLP1 by
1.4-fold and 1.1-fold, respectively (P ≤ 0.04, NK).

Levels of MBP were increased by 2.1-fold in mice with access to a
high fat diet and exercise training (EHF) relative to the SRD condition
(P = 0.02, NK). No significant changes were seen in MBP with exercise
(ERD) or high fat consumption (SHF) alone. We point out that myelin
proteins (Fig. 2) and the total and activated forms of AKT and ERK1/2
(Fig. 6) were detected on the same membranes.

3.3. Differential regulation of oligodendrocyte and OPC-related RNA
expression by exercise training and high fat consumption

Changes in the abundance of myelin-related proteins in the spinal
cord elicited by exercise training and high dietary fat consumption
were further investigated using quantitative real time PCR (Fig. 3). Rel-
ative tomicewith a sedentary lifestyle (SRD), PLP RNAexpression levels
were increased by 1.2-fold in response to 7 weeks of exercise training
and by 1.4-fold by a parallel period high fat consumption alone, or in
combination with exercise training (P b 0.001). Elevations in PLP RNA
induced by high fat were significantly greater than those observed by
exercise training alone (P = 0.006). Paralleling the increases in PLP ex-
pression seen with exercise or high fat consumption, expression of
Myrf, a transcription factor mediating oligodendrocyte differentiation
[8], was increased by approximately 1.4-fold (P b 0.001). MBP expres-
sion was elevated by exercise training (1.3-fold relative to sedentary
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Fig. 1. Impact of varying levels of dietary fat and exercise on weight, food intake and running distance. Histograms show changes in (A) weight (g) from baseline, (B) food intake (g/day),
and (C) running distance (km/day) of adult mice provided a sedentary lifestyle and regular diet (SRD), free access to a running wheel and a regular diet (ERD), a sedentary lifestyle and a
high fat diet (SHF), or free access to a running wheel and a high fat diet (EHF) for 7 weeks. (n = 10 in each group, *P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK).
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mice, P= 0.019, NK), while levels of CNPasewere unaffected under any
of the conditions examined (data not shown).

3.4. Exercise training protects from high dietary fat-induced reductions in
OPC and oligodendrocyte numbers

Whether the dynamic changes observed inmyelin proteins and RNA
in response to exercise training and high fat consumption alone or in
combination occur at a cellular level was addressed by making counts
of OPCs (NG2, Nkx2.2, Olig2), or mature oligodendrocytes (CC-1,
Olig2), in the dorsal column and ventrolateral white matter of the
lumbosacral spinal cord of mice in each condition (Fig. 4). High
fat consumption in the context of a sedentary lifestyle resulted in a 30
to 50% reduction in the number of NG2, Nkx2.2, CC-1 or Olig2-
immunopositive cells (P b 0.05). While exercise training alone did not
significantly alter OPC or oligodendrocyte numbers, exercise training
in combination with high fat consumption, prevented the loss of OPCs
and oligodendrocytes seen in the context of high fat consumption
alone (P b 0.05, NK).

3.5. Differential regulation of IGF-1 in the spinal cord by dietary fat and
exercise training

Given significant increases in the expression of myelin-related
proteins and genes occurring in under the influence of high fat
Fig. 2.Highdietary fat togetherwith exercise training increases PLP andMBPprotein in the adul
diet in combination with exercise training (EHF) increase the levels of the major myelin prote
Exercise alone (ERD) or high fat (SHF) also promoted significant increases in PLP1. The twomajo
by convention quantified collectively. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK). All of the proteins
Actin blot is shown across the Figures. (sedentary regular diet (SRD); exercise regular diet (ER
consumption and/or exercise, we sought to determine the potential in-
volvement of IGF-1. IGF-1 was selected for initial analysis since it is
known to play prominent roles in OPC proliferation, survival and differ-
entiation [20,79] by way of its high affinity receptor IGF-1R [16,90] and
to be regulated by exercise and dietary factors [17,50]. We used real
time PCR to determine expression levels of IGF-1 or IGF-1R in the lum-
bosacral spinal cord ofmice in each experimental condition (Fig. 5). IGF-
1 RNA was elevated by 1.4 to 1.6-fold by exercise training or high fat
alone and in combination (P b 0.05, NK). IGF-1R RNA was elevated by
1.5-fold by high dietary fat consumption alone or in combination with
exercise.
3.6. High dietary fat promotes AKT signaling in the lumbosacral spinal cord

To further investigate the potential mechanism by which dietary fat
and exercise training may affect levels of spinal cord myelin, we inves-
tigated the AKT and ERK1/2 signaling pathways known to be points of
convergence for multiple growth factors playing essential roles in mye-
lin development, including IGF-1 [6,52] (Fig. 6). Mice consuming a high
a fat diet increased levels of the activated form of AKT by approximately
2-fold (P b 0.001, NK). Exercise training alone did not impact AKT and
did not significantly alter the elevated levels of AKT signaling resulting
from high fat consumption. High dietary fat consumption did increase
levels of total ERK1/2 by approximately 1.2-fold. Exercise training
alone did not impact ERK1/2 signaling, but in combination with high
t spinal cord.Western blots and histograms show that 7weeks of consumption of a high fat
ins, PLP (PLP1 and DM20 isoforms) and MBP in the lumbosacral spinal cord of adult mice.
r isoforms of PLP, PLP1 and DM20were quantified separatelywhile all MBP isoformswere
shown in Figs. 2 and 6were probed on the samemembrane and hence one corresponding
D); sedentary high fat (SHF). (n = 10 per group, except, EHF n = 6).

Image of &INS id=
Image of Fig. 2


Fig. 3. Differential effect of exercise training and high fat consumption on the expression of myelin-associated genes. (A–C) Histograms show changes in myelin-related RNA expression
detected by real time PCR in samples isolated from the lumbosacral spinal cord ofmice under sedentary conditions (SRD), following 7weeks of exercise training (ERD) or consumption of a
high fat diet (SHF) alone, or in combination (EHF). Expression of myelin proteins (PLP and MBP) and a transcription factor essential for oligodendrocyte differentiation (Myrf1), were all
differentially regulated by the high fat and exercise interventions examined. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK)). (n = 10 per group).
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fat, returned ERK1/2 levels to baseline. Overall levels of the activated
form of ERKwere not significantly impacted by the dietary and exercise
training interventions examined. The data reported for AKT and ERK1/2
were determined on the same membrane as that used to demonstrate
changes in PLP and MBP (Fig. 2).
Fig. 4. Exercise training protects against a loss of OPCs andmature oligodendrocytes induced by
immunopositive cells (G) in the white matter of the lumbosacral spinal cord of adult mice hous
(SHF), or exercise high fat (EHF) conditions for 7 weeks. Counts shown represent the mean
expressed as a percent of that observed in SRD mice. Representative images of NG2 (B), Nk
shown. Mice in the SHF group showed reduced numbers of NG2, Nkx2.2, CC-1 and Olig2-imm
(*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK) Scale bar =50 μm. (n = 6 per group).
3.7. Dietary fat and exercise regulate energy homeostasis in the spinal cord

Whether consumption of high dietary fat and exercisemay converge
on mitochondrial biogenesis and energy metabolism within the spinal
cord was examined by quantifying SIRT1 and PGC-1α, in addition to
high fat consumption. Histograms show counts of NG2 (A), Nkx2.2 (C), CC-1 (E), or Olig2-
ed under sedentary regular diet (SRD), exercise regular diet (ERD), sedentary high fat diet
number per mm2 counted across the dorsal columns and ventrolateral funiculi and are
x2.2 (D), CC-1 (F) and Olig2 (H) staining across the different experimental groups are
unoreactive cells, an effect completely prevented by co-ordinate exercise training (EHF).

Image of &INS id=
Image of Fig. 4


Fig. 5. Exercise training and high fat consumption positivelymodulate expression of IGF-1
in the spinal cord. Histograms show the differential impact of 7 weeks of high dietary fat
consumption and exercise training on the expression of IGF-1 (A) and IGF-1R
(B) detected by real time PCR in RNA samples isolated from the lumbosacral spinal cord.
Spinal cord and liver samples analyzed were isolated from mice under sedentary
conditions (SRD), following 7 weeks of exercise training (ERD) or consumption of a high
fat diet (SHF) alone, or in combination (EHF). (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK).
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MTC02 a mitochondrial protein reflective of mitochondrial abundance
(Fig. 7). SIRT1 is an energy-sensing molecule that regulates PGC-1α, a
transcriptional co-activator playing critical roles in regulating cellular
energy metabolism [58] and myelin formation [64]. SIRT1 protein was
elevated by 1.2-fold by the combined effects of high fat consumption
and exercise (P = 0.006), but not by either intervention alone. PGC-
1α levels were increased by approximately 1.6-fold by high fat con-
sumption or exercise, alone or in combination (P = 0.006). The abun-
dance of the mitochondrial protein MTC02 was elevated by 2.0-fold
under the influence of high dietary fat (P = 0.014), an effect reversed
by exercise training (P = 0.009, NK).

To determine the potential for diet and exercise induced changes in
SIRT1, PGC-1α and mitochondrial abundance to impact the expression
of myelin proteins the percent change in the level of each protein
Fig. 6.High fat consumption promotes AKT signaling in the spinal cord. (A)Western blots and hi
plus exercise training (EHF), each elicit robust increases in AKT signaling (B–D). High fat consu
(ROD) of the activated form of AKT (pAKT), or ERK1/2 (pERK1/2), was normalized to total AKT
The proteins shown in Fig. 6 were probed on the same membranes shown in Fig. 2 and hence
(SRD); exercise regular diet (ERD)).
relative to SRD conditions was examined for correlations using Pearson
product–moment correlation coefficient (Fig. 7E-F). Mitochondrial
abundance, as measured by MTC02, was positively correlated with PLP
protein levels under ERD conditions (Fig. 7E, P = 0.04). Spinal cord
PGC-1αwaspositively correlatedwithMBP levels under EHF conditions
(Fig. 7F, P = 0.05, NK).

3.8. High dietary fat and exercise promote lipid peroxidation and coordinate
changes in antioxidant enzymes

Reactive oxygen species (ROS) are a byproduct of the mitochondrial
electron transport chain and fatty acid oxidation and promote oxidative
damage by increasing peroxidation of unsaturated fatty acids. Given the
elevations inmitochondrial markers seenwith the consumption of high
fat, we examined the effects of exercise or high fat consumption alone,
or in combination, on the levels of 4-hydroxynonenan (4-HNE), a lipid
degradation product that is elevated during oxidative stress. Across
the groups examined threemajor protein bandswithmolecularweights
of approximately 39, 50 and 70 kDa showed strong immunoreactivity
for 4-HNEmodifications in the spinal cord (Fig. 8A–E). Exercise training
reduced 4-HNEmodification of the 50 kDa protein by 4-fold (P b 0.001).
Significant increases in 4-HNEmodifications to the 39 kDa protein were
seen with high fat (3.8-fold), effects that were magnified by exercise
(8.9-fold elevation relative to SRD mice) (P b 0.001). High fat in combi-
nation with exercise also increased 4-HNE modifications to the 70 kDa
protein (1.4-fold over SRD, P = 0.01, NK). These data suggest that
while exercise reduces ROS, high fat alone or in combination with exer-
cise have the potential to increases ROS in the adult spinal cord.

GPx1 and SOD2 are among themost abundant antioxidant enzymes
and their levels of expression in the spinal cord were examined to con-
sider how they might impact the dynamic changes in ROS observed
stograms show that 7weeks of consumption of a high fat diet alone (SHF), or a high fat diet
mption also promotes a significant increase in total ERK (E-G). The relative optical density
or ERK respectively, or to Actin as a loading control (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, NK).
the corresponding Actin loading control is shown in each Figure. (sedentary regular diet
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Fig. 7.High dietary fat and exercise converge on SIRT1 and PGC-1α tomodulatemitochondrial abundance in the adult spinal cord.Western blots (A) and histograms show that 7weeks of
high fat consumption in combination with exercise training (EHF) promotes increases in SIRT1 (B). High fat consumption (SHF) also promotes a significant increase in MTC02 (C), a
mitochondrial protein used as measure of abundance. Relative to sedentary conditions (SRD), exercise (ERD) or high fat alone, or in combination, each increased PGC-1α (D).
(E) MTC02 levels were positively correlated with PLP in mice with free access to exercise training. (F) PGC-1α levels were positively correlated with those for MBP in mice consuming
high fat in conjunction with exercise. The relative optical density (ROD) of each protein was normalized to Actin as a loading control. All of the proteins shown were probed on the
same Western blot membrane and hence one corresponding Actin loading control is shown. (*P b 0.05, ** P ≤ 0.01, ***P ≤ 0.001, NK).

Fig. 8. Differential impact of exercise and high fat consumption on spinal cord 4-HNE. Western blots (A) and histograms (B-E) demonstrate that while 7 weeks of exercise training alone
(ERD) results in reductions in 4-HNEmodified proteins, consumption of a high fat diet alone (SHF, B), or in combinationwith exercise (EHF, B-E) results in significant increases relative to
sedentarymice consuming regular chow (SRD). The relative optical density (ROD) of each 4-HNEmodified protein (39 kDa, 50 kDa or 70 kDa)was examined alone or in combination and
in each casewas normalized to Actin as a loading control. Expression of antioxidant enzymes (F) GPx1 and (G) SOD2were increased by either exercise or high fat alone or in combination.
(H) The overall levels of expression of these ROS defense genes were higher in EHF relative to SHF conditions (*P b 0.05, ** P ≤ 0.01, ***P ≤ 0.001, NK).
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(Fig. 8F-H). The expression of each enzyme was increased in the spinal
cord by approximately 20 to 35% by exercise or high fat alone, or in com-
bination (P ≤ 0.01, NK). Since it is the overall levels of these ROS defense
genes that would impact lipid peroxidation,we examined their levels in
combination and found these to be significantly increased in EHF mice
relative to those consuming high fat alone. These results point to a
potentially positive impact of exercise on the levels of antioxidant
enzymes, even in the context of high fat consumption.

4. Discussion

We assessed the effects of exercise training alone or in the
context of high dietary fat on parameters of myelin formation and
oligodendrogenesis in the adult spinal cord. Findings suggest that con-
sumption of a diet high in saturated fat in the setting of a sedentary life-
style leads to reductions in myelinating cells and that these deleterious
effects can be prevented by coordinate exercise training. In addition re-
sults point to an important interplay between high dietary fat and exer-
cise training that increases the predominant myelin proteins PLP and
MBP. Exercise in conjunction with high fat consumption also boosted
spinal cord IGF-1, its high affinity receptor (IGF-1R), and activated
AKT, a key signaling partner known to promotemyelinogenesis. Coordi-
nate elevations in SIRT1, PGC-1α, 4-HNE, GPx1 and SOD2 suggest the
dietary- and exercise-mediated changes in spinal cord myelinogenesis
observed may be linked to changes in mitochondrial function, energy
metabolism, lipid peroxidation and levels of antioxidant enzymes. Alto-
gether, results suggest that the beneficial effects of exercise on spinal
cord function seen with exercise training [67] may be mediated in
part by regulating energy metabolism, reducing oxidative stress and
stimulating myelinogenesis, and importantly that the availability of
dietary saturated fat can play an important role in this process.

4.1. The interplay between exercise training and high dietary fat results in
increased PLP and MBP production

The combination of exercise training and high dietary fat consump-
tion elicited significant increases in the major myelin proteins, PLP and
MBP. The myelin membrane has a very high lipid-to-protein ratio, with
lipids accounting for at least 70% of its dry weight [68]. PLP is a trans-
membrane protein holding the myelin wraps together with abnormali-
ties resulting in axonopathy in Pelizaeus-Merbacker disease [85] and
spastic paraplegia type 2 [25,35]. Exercise or high fat consumption
each drove production of PLP RNA and PLP1 protein, but their interac-
tive properties had the greatest capacity to increase protein levels, in-
cluding both the PLP1 and DM20 isoforms. MBP also contributes to
maintenance of myelin membrane structure by interacting with lipids
[1]. While exercise training resulted in significant increases in MBP
RNA, elevations at a protein level were limited to mice also consuming
a high fat diet. The overlapping changes in PLP RNA and protein imply
that elevations were due at least in part to new protein synthesis rather
than changes in degradation or stability. Since OPC and oligodendrocyte
numbers were not higher than baseline under any condition examined,
elevations in PLP and MBP under the influence of exercise and high fat
likely occur as a result of increased protein production per cell. Even
in the context of high fat alone, in which OPCs and oligodendrocyte
numbers were reduced, increases in PLP RNA and protein were
observed, suggesting that the remaining cells increased levels of
expression in a compensatorymanner. Also, since no effects of the inter-
ventions examined occurred in the expression of another myelin-
associated gene CNPase, the effects on myelin dynamics observed may
occur in part through differential gene expression.

Supporting the concept that increases in either exercise or dietary fat
have the potential to promote new myelin synthesis, we observed that
both interventions stimulated the expression of Myrf1. Myrf1 is a tran-
scription factor essential for initiating andmaintaining the oligodendro-
cyte differentiation program, including the expression of MBP and PLP
[8,18]. Highlighting the need for active renewal of myelin membranes,
a loss of Myrf1 in adulthood results in demyelination [43] and affects
motor skill learning inmice [51]. The current studies provide new ratio-
nale to examine the link between high fat consumption, exercise and
Myrf1.

4.2. IGF-1-AKT signaling in diet and exercise induced myelin plasticity

AKT signaling was increased in the spinal cord of mice consuming
high fat under either sedentary or exercise conditions. AKT is a key sig-
naling intermediate established to play essential roles in oligodendro-
cyte development and myelination [15,19,26,30,55,72,79]. The actions
of AKT signaling in myelin growth extend to the development of mor-
phological complexity, myelin protein expression, lipid synthesis, and
cytoskeletal rearrangement [55,79,80,83]. High dietary fat also elicited
a small but significant increase in total ERK1/2, another signaling path-
way with pro-myelination effects [23,24,28,36,37]. While additional
studies regarding the contributory role of AKT in the pro-myelination
effects observed with high dietary fat and exercise will be needed, a po-
tential link is supported by the co-ordinate increases occurring in the
expression of IGF-1 under either condition alone or in combination.
IGF-1 drives the PI3K-AKT–mTOR signaling pathway and is among the
key growth factors regulating oligodendrocyte physiology and myelin
production [12,13,49]. Notably, the high affinity receptor for IGF-1 was
also positively modulated by high fat alone or with exercise, an effect
that could serve to potentiate the actions of IGF. Together, thesefindings
suggest that lifestyle interventions can positively modulate growth fac-
tor signalingmechanisms that are likely to improvemyelin dynamics in
the adult spinal cord.

4.3. High fat consumption in sedentary mice reduces spinal cord oligoden-
drocytes and their progenitors: an effect prevented by exercise training

We sought to determine whether changes in myelin and pro-
myelination signaling systems observed at a molecular level were
reflected in the abundance of oligodendrocytes or their progenitors.
Rather unexpectedly based on the results discussed above, consump-
tion of high fat in the setting of a sedentary lifestyle resulted in a loss
of NG2+or Nkx2.2+OPCs andmature CC-1+oligodendrocytes in spi-
nal cord white matter. Parallel changes in the number of Olig2+ cells, a
transcription factor present in both OPCs and young oligodendrocytes,
supports the conclusion that the negative effects of high fat consump-
tion in sedentary mice extends to both oligodendrocytes and their pro-
genitors. Of considerable therapeutic interest, findings suggest that the
deleterious effects of a high fat diet on the abundance of myelinating
cells in the adult spinal cord can be completely reversed by coordinate
exercise. While 7 weeks of exercise training by itself did not alter OPC
or oligodendrocyte numbers, it completely prevented the loss of
myelinating cells observed in sedentary mice consuming high fat.
Whether preservation of oligodendrocytes and their progenitors
under conditions of high fat and exercise occurred by preventing loss
or cell replacement will require further investigation. Together the
data presented suggest that rehabilitative exercise programs are likely
of fundamental importance to the maintenance of spinal cord myelin
health, particularly in individuals consuming a high fat diet. Therefore,
levels of exercise and dietary fat are both key considerations for the de-
velopment of treatment plans for neurological conditions in whichmy-
elin integrity and repair are primary concerns.

4.4. Role of cell metabolic signals driven by diet and exercise in
myelinogenesis

PGC-1α, a transcriptional co-activator known to enhancemitochon-
drial biogenesis, fatty acid oxidation and oxidative metabolism [39,47]
and to play key roles in myelinogenesis [11,42,86], was increased in
the spinal cord by exercise or high fat, alone and in combination. In



Fig. 9.Hypothetical model bywhich dietary fat and exercise influencemyelin dynamics in
the adult spinal cord. Taken with evidence from prior studies, we highlight 3 possible
interactive mechanisms by which dietary fat and exercise may promote myelin
homeostasis. (1) Dietary fat may serve as a source of myelin membrane precursors,
including fatty acids and cholesterol [14]. (2) Data presented suggest that high fat
consumption on its own, or in combination with exercise, can increase IGF-1 and pro-
myelinogenic signaling pathways such as AKT. (3) The interactive actions of exercise
and high fat may also serve to regulate pathways associated with energy homeostasis
involving mitochondrial function. Our data show that exercise and diet increased key
regulators of energy homeostasis including SIRT1 and PGC-1α, mitochondria, and the
balance between reactive oxygen species (ROS) and antioxidant enzymes. We suggest
that increases in SIRT1 under conditions of high fat consumption with exercise drive
PGC-1α and increased levels of antioxidant enzymes (see Fig. 8) that may serve to
protect OPCs and mature oligodendrocytes from the damaging effects of ROS. Future
studies will be needed to verify different parts of this model and determine whether any
or all of the components depicted are necessary or sufficient to promote adaptive
myelination.
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relation to cellular energy metabolism, MTC02 protein levels, a marker
of mitochondrial abundance, were also increased in the spinal cord of
mice consuming high fat. Prior studies provide strong links between
PGC-1α and myelin health, with PGC-1α knockout mice having pro-
nouncedwhitematter abnormalities in the brain thatmay be connected
to its involvement in expression ofMBP and cholesterol synthesis inter-
mediates such as SREBP and LXR [42,46,86]. The current studies
strengthen the link between PGC-1α and myelin by demonstrating
that under the influence of high dietary fat and exercise; PGC-1α levels
were positively correlated with those for MBP. Together these findings
support the concept that increasingdietary fat in conjunctionwith exer-
cise training has the greatest capacity to promote myelinogenesis and
that this may be facilitated in part by increases in PGC-1α.

Elevations in spinal cord SIRT1, an energy-sensingmolecule control-
ling mitochondrial energy metabolism, were only observed under the
influence of high dietary fat in combination with exercise. SIRTs have
emerged as key metabolic sensors that directly link environmental sig-
nals to metabolic homeostasis and stress responses. SIRT1 is a histone/
protein deacetylase that regulates the activity of a variety of transcrip-
tion factors and co-regulators, including PGC-1α to increase mitochon-
drial function, energy metabolism and gluconeogenesis [58]. Increases
in spinal cord PLP and MBP protein under the influence of high dietary
fat in combination with exercise occurred in conjunction with increases
in SIRT1, suggesting a possible link between the events that warrants
further study.

4.5. Potential involvement of reactive oxygen species and lipid peroxidation
in spinal cord myelinogenesis

Based on prior research demonstrating that high dietary saturated
fat and high levels of mitochondrial activity promote the formation of
free radicals, we sought to determine whether reactive oxygen species
(ROS) were altered in the spinal cord of mice consuming high fat since
this could account for the reductions in myelinating cells observed. Ox-
ygen free radicals are a byproduct of ATP production with 1–4% of oxy-
gen consumed converted to O2-. ROS disrupt the integrity of cellular
and intracellular membrane polyunsaturated fatty acids compromising
essential membrane functions. Notably, OPCs and oligodendrocytes are
particularly vulnerable to the effects of ROS since they express low
levels of enzymes that counteract oxygen free radicals, including GPx1
and SOD2 [34,87]. In addition, oligodendrocytes have a high iron con-
tent that can play a key role in the initiation and propagation of lipid
peroxidation [29]. Lipid peroxidation generates fragmented peroxidized
polyunsaturated fatty acids and aldehydic end products including 4-
HNE. 4-HNE in turn can bind to key mitochondrial proteins, impairing
their function [29,82] and resulting in neurotoxicity [65,81]. Supporting
the involvement of ROS in the loss of OPCs and oligodendrocytes, we
document elevated levels of 4-HNE modified proteins in the spinal
cord ofmice consuming high fat. Supporting the beneficial roles of exer-
cise in regulating oxidative stress, 4-HNE levels were reduced in the spi-
nal cord of mice afforded exercise training alone.

Even though exercise reduced 4-HNE levels when provided under
the influence of a regular diet, in the setting of high fat consumption,
4-HNE byproducts were observed at even higher levels. Higher levels
of lipid peroxidation end products observed in the spinal cord of EHF
mice may relate to the additive effects of ROS generated from cellular
respiration, likely the largest source, and fatty acid oxidation [66]. De-
spite the higher levels of ROS, no overall reduction in OPCs or oligoden-
drocytes was observed in the spinal cord white matter of mice
consuming high fat in the setting of exercise. A possible explanation
for the protective effect of exercise on myelinating cell numbers in the
context of high fat consumption relates to the coordinate increases ob-
served in SIRT1. There is strong evidence that SIRT1 plays key roles in
managing oxidative stress responses by deacetylating several transcrip-
tion factors that regulate antioxidant genes including PGC-1α examined
here, in addition to FOXO family transcription factors [7]. For example,
PGC-1α up regulates expression of oxidative stress genes, including
GPx1, catalase, and SOD2 [61,62,76]. Higher levels of GPx1 and SOD2 ex-
pression were observed in the spinal cord of mice consuming high fat
under the influence of exercise, which may have protected myelinating
cells from the higher levels of ROS. It will be important in future studies
to determine the extent to which the ability of exercise training to mit-
igate high fat-mediated loss of myelinating cells can be attributed to
SIRT1-PCG-1α driven antioxidant mechanisms. Prior studies demon-
strate that SIRT1 activation improves outcomes in EAE, while SIRT1 in-
hibition blocks the neuroprotective effects [73,74]. The feasibility of
targeting SIRT1 activity for myelin protection in health and disease
will be an important line of future investigation.

5. Conclusion

Data presented suggest that the spinal cord is capable of adapting to
the demands of a high-energy diet when afforded ample exercise, by in-
creasing IGF-1 signaling, SIRT1, PGC-1α and free radical scavengers
(Fig. 9). The powerful impact of exercise on promoting myelin produc-
tion in the presence of high dietary fat is of particular interest in the con-
text of emerging evidence that myelinogenesis can be positively
modulated by neural activity [5,51,69,70,75,77,78]. These key changes
in critical regulators of metabolism may provide protection to OPCs
and oligodendrocytes and result in increases in the production of mye-
lin proteins. In the absence of exercise however, evidence presented
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suggests that a high fat diet results in increases in ROS without coordi-
nate elevations in SIRT1 and this could account for the deleterious im-
pact of excess high fat on myelinating cells observed. These findings
have important implications for the design of rehabilitative programs
to enhance functional capacity by promoting myelin repair with both
dietary fat content and exercise being essential considerations.
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